The fruiting body formation mechanisms of Cordyceps sinensis are still unclear. To explore the mechanisms, proteins potentially related to the fruiting body formation, proteins from fruiting bodies, and mycelia of Cordyceps species were assessed by using two-dimensional fluorescence difference gel electrophoresis, and the differential expression proteins were identified by matrixassisted laser desorption/ionisation tandem time of flight mass spectrometry. The results showed that 198 differential expression proteins (252 protein spots) were identified during the fruiting body formation of Cordyceps species, and 24 of them involved in fruiting body development in both C. sinensis and other microorganisms. Especially, enolase and malate dehydrogenase were first found to play an important role in fruiting body development in macro-fungus. The results implied that cAMP signal pathway involved in fruiting body development of C. sinensis, meanwhile glycometabolism, protein metabolism, energy metabolism, and cell reconstruction were more active during fruiting body development. It has become evident that fruiting body formation of C. sinensis is a highly complex differentiation process and requires precise integration of a number of fundamental biological processes. Although the fruiting body formation mechanisms for all these activities remain to be further elucidated, the possible mechanism provides insights into the culture of C. sinensis.
Introduction
Cordyceps is a large genus of entomogenous fungi with more than 400 species found world-wide, and the most famous and valuable species is Cordyceps sinensis (Berk.) Sacc. (Li et al. 2006a ). Wild C. sinensis is also known as "Dong Chong Xia Cao" in Chinese or "Yartsa gunbu" in Tibetian, which means "Winter Worm Summer Grass" because of their appearance in different seasons (Paterson 2008) (Figure 1 ). C. sinensis has multiple beneficial effects on hepatic, renal, cardiovascular, immunologic, and nervous systems (Wang and Shiao 2000; Paterson 2008) , and been used as highly prized herbal medicine and healthy food. Natural C. sinensis is found only in the soil of a prairie at an elevation of 3 000 to 5 000 m mainly in Tibet, Qinghai, Gansu, Sichuan, and Yunnan provinces in China. The worldwide demand for natural C. sinensis has been increasing continuously. With the reckless exploration, the annual harvest has been decreasing rapidly and resulting in serious habitat destruction (Li et al. 2011) . The price of C. sinensis reached USD 13,000 per kg in , and the top quality C. sinensis rocketed up to USD 32,000 per kg in Hong Kong and San Francisco in late 2006 (Winkler 2008) . Therefore, the cultured C. sinensis becomes an urgent need and inevitable trend. After several decades of efforts, 572 fungal strains of more than 37 genera have been isolated from natural C. sinensis , Zhang, Sun et al. 2010 . Generally, the fungus of Hirsutella sinensis X.J. Liu, Y.L. Guo, Y.X. Yu & W. Zeng is recognised as the anamorph of C. sinensis (Chen et al. 2004; Li et al. 2006a; Zhong et al. 2010 ). Up to date, the molecular mechanisms, which are critical for cultivation of C. sinensis, of fruiting body development of C. sinensis are still unknown.
Proteins usually play important biological roles in regulating metabolic processes, signal transduction, small molecule or ion transportation, cell replication, and apoptosis (Gauci et al. 2011) . The identification of differentially expressed proteins during fruiting body development could improve better understanding of C. sinensis formation. Proteomics is aimed at the large-scale and systematic characterisation of the entire protein complement of a cell line, tissue, or organism at a particular time, under a particular set of conditions (Graves and Haystead 2002; Beranova-Giorgianni 2003; Giepmans et al. 2006) . Proteomics can be used as an important tool in helping to elucidate mechanisms of biological processes in a high-throughput mode. Classical two-dimensional electrophoresis (2DE) for protein isolation coupled with protein spot identification by mass spectrometry is the most widely adopted approach in proteomics studies (De Roos and McArdle 2008) , but traditional 2DE is time-consuming, labour-intensive, limited sensitivity and prone to experimental errors, so this approach requires several replicate runs to overcome the gel-to-gel variations (Minden 2007; Chevalier 2010) . In order to overcome the limitations of 2DE, a modified 2DE technique called fluorescence difference gel electrophoresis (DIGE) has been developed for direct quantitative measurements among differentially labelled samples using cyanine fluorescent dyes prior to gel electrophoresis and it is more accurate, sensitive, confident, reproducible and not limited by the distortion from gel-to-gel variation (Van Den Bergh and Arckens 2004; De Roos and McArdle 2008; Muroi et al. 2010) .
To date, little has been known for the fruiting body formation mechanism and proteome of C. sinensis (Jin 2005; Kao 2006 ). The objective of this study is to unveil the fruiting body formation mechanism of C. sinensis as well as its related species based on differential protein expression of the fruiting body, sclerotium of C. sinensis and mycelium of H. sinensis, mature (late stage), immature (early stage) fruiting bodies and mycelium of Paecilomyces militaris (Kob.) Brown & Smith ex Liang, anamorph of C. militaris (L.: Fr.) Link (Liu et al. 2002) , as well as fruiting body and mycelium of Isaria farinose (Holm ex S.F. Gray) Fr., anamorph of C. memorabilis (Ces.) Sacc. (Zimmermann 2008) .
Materials and methods
Natural C. sinensis, fungal strains and materials Natural fresh C. sinensis, including the fruiting body and sclerotium, were collected from Huzhu County, Qinghai Province of China. The fungal strain of H. sinensis was purchased by the Institute of Microbiology of Chinese Academy of Sciences, China. Fungal strain of P. militaris (anamorph of C. militaris) was gift from Zhangjiagang City Zanglian Biotechnology Co., Ltd., Jiangsu Province, China; and strain Isaria farinosa (anamorph of C. memorabilis) was isolated from infected caterpillar provided by Qinghai Academy of Animal and Veterinary Science, China, which was identified by the Institute of Microbiology of Chinese Academy of Sciences, China. Golden rabbit Thai fragrant rice purchased from San Miu Supermarket Limited in Macao, China; foxtail millet (Setaria italica) obtained from Yilan County Seed Company, Heilongjiang Province of China; silkworm larvae and silkworm pupa powder bought from Sericulture and Farm Produce Processing Research Institute, Guangzhou, China; mould liquid medium purchased from Guangdong Huankai Microbial Sci. & Tech. Co., Ltd., China.
Fungal culture conditions and media he fungi were cultured as the method described in our previous report ) with modification. In brief, the fungal strains in tube slant were implanted into improved mould liquid medium (16.6 g mould liquid medium, the extract of 200.0 g fresh potato, and 2.0 g yeast extract in 1 l with Milli-Q water, pH 5.6). Conical flasks (500 ml) containing 150 ml of medium were inoculated with purified colony and incubated in an C24KC refrigerated incubator shaker (New Brunswick Scientific, USA) under 150 RPM at 16°C for H. sinensis or 22°C for P. militaris and I. farinose until plentiful mycelia balls presented. The mycelia were harvested by centrifugation, washed twice with sterile PBS buffer, and stored at 4ºC after lyophillisation. The fruiting body of C. militaris, C. memorabilis was cultured in improved rice medium (290 g Golden rabbit Thai fragrant rice, 290 g foxtail millet (Setaria italica), 50 g silkworm pupa powder, 16.6 g mould liquid medium and 1 l distilled water) sterilised at 121ºC for 30 min. Each cultivation bottle was inoculated with 8 ml of liquid seed and incubated in the dark at 22ºC for C. militaris and C. memorabilis with humidity levels of 70%, respectively. When the mycelia completely colonised the jar, the jar was exposed to fluorescent lamp (about 200 lx). After 3 to 5 days, the temperature was set a cycle of 22ºC for 12 h, and 12ºC for 12 h under a 12 h light/dark cycle condition to promote primordia formation.
Once a large number of primordia were produced, the temperature was kept at 22ºC, and the relative humidity was kept at around 85% under a 12 h light/dark cycle condition for the formation of the fruiting body. The early and late stage fruiting bodies of C. militaris were cultured in fifth instar larvae of silkworm. In brief, the 5 th instar silkworm larva was surface sterilised with medical povidone-iodine swabs and then 0.3 ml of mycelial homogenate was injected under axenic conditions. The inoculated larvae were fed with fresh mulberry leaves at 22°C in the dark with 70% relative humidity. After the larva grew into stiff silkworm, the cultivation conditions were the same as the fruiting body of C. militaris grown on solid medium. When the fruiting body grew to approximate 2 cm (early stage) or produced spores (late stage), they were harvested and stored at −80°C.
Extraction of proteins
The investigated materials (mycelia, worm or the fruiting body) were ground to a fine powder in liquid nitrogen using a mortar and pestle, added lysis buffer (containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 1% (w/v) DTT, 0.5% (v/v) IPG buffer pH 3-10, and 1 mM PMSF, from GE Healthacare) based on the modified Handbook 80-6429-60AC (GE Healthcare), and continued to grind to homogenate. The homogenate was transferred to a 1.5 ml Eppendorf tube and frozen in liquid nitrogen for 3 min, and then it was thawed in 37°C water for 3 min. For fully extracting the intracellular proteins, this step was repeated three times. After centrifugation at 28,113 × g for 30 min at 4°C, the supernatant was transferred to new tubes.
Clean-up proteins
Proteins were purified with a 2-D Clean-Up Kit (GE Healthcare) according to the manufacturer's instructions, revision 80-6486-60/Rev. CO/11-02. Briefly, proteins solution (200 μl) was mixed well with 600 μl of precipitant and incubated for 15 min on ice, then 600 μl co-precipitant was added and centrifuged at 28,113 × g for 5 min at 4°C. Added co-precipitant 4 times the size of the pellet after removing the supernatant, next centrifuged at 28,113 × g for 5 min. Pipetted enough Milli-Q water to disperse the pellet, and added 1 ml of pre-chilled wash buffer and 5 μl wash additive at −20°C for at least 30 min, vortexed for 20-30 s once every 10 min. The mixture was further centrifuged at 28,113 × g for 5 min at 4°C, and the supernatant was discarded and the pellet was allowed to dry briefly. The pellet was solubilised in lysis buffer without DTT and IPG buffer. Lastly, the protein solution was centrifuged at 28,113 × g for 20 min at 4ºC, and the supernatant was collected and stored at −80ºC. Prior to quantification, pH of protein samples was adjusted to 8.5 by using 1 M NaOH, as monitored by the pH Test Strip (4.5-10.0, Sigma). Finally, protein concentrations were determined with Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad) using BSA (2 mg ml −1 ) as the standard.
Labelling of proteins with CyDye
All steps were operated in dark room. The proteome samples were labelled for DIGE analysis using Cy2, Cy3 and Cy5 CyDye™ DIGE Fluor minimal dye (GE Healthcare), respectively, according to the manufacturer manual (GE Healthcare). Cy2 was used to label an internal standard which was pooled equal amounts of each of all samples. Each 50 μg protein sample was labelled at a ratio of 400 pmol of dye on ice for 30 min, and the labelling reaction was terminated by adding 1 μl of 10 mM lysine and left on ice for 15 min. The three labelled samples were mixed into a single tube, and then both of extra 300 μg paired protein samples in a gel were added to the same tube, thus total of 750 μg protein samples were mixed in the tube and later could be used as preparative gel for spots picking. Equal volumes of 2× sample rehydration buffer (7 M urea, 2 M thiourea, 2% DTT, 4% CHAPS, 1% pH 3-10 NL IPG buffer (GE Healthacare), and 0.004% bromphenol blue) was added to the protein samples. Rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, 0.5% IPG buffer, and 0.004% bromphenol blue from Bio-Rad) was added to reach volumes to 450 μl for rehydration.
Two-dimensional electrophoresis
The mixture was transferred to IPGbox (GE Healthcare), and ReadyStrip IPG Strips (24 cm, pH 5-8 from Bio-Rad) was put on the mixture with the gel side down. The gel was covered with DryStrip Cover Fluid (GE Healthcare), and rehydrated for 18 h at 20°C. After rehydration, the IPG strip was transferred to Ettan IPGphor Manifold of Ettan IPGphor 3 Isoelectric Focusing Unit (GE Healthcare). The first dimension isoelectric focusing (IEF) separation of 2DE was performed at 20°C with following sequential steps: 50 V rapid for 4 h; 150 V gradient for 2 h; 250 V gradient for 2 h; 500 V gradient for 2 h; 1,000 V gradient for 3.5 h; 5,000 V rapid for 1.5 h; 8,000 V rapid for 2 h; 10,000 V rapid for 70,000 Vh. After IEF, the strips were equilibrated in 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, and 0.01% bromophenol blue with the addition of 2% DTT for 15 min in the dark. Subsequently, the strips were equilibrated with the same buffer with 2.5% (w/v) iodoacetamide instead of DTT for 15 min in the dark. Prior to preparation of SDSpolyacylamide gels, the longer low fluorescent glass plate was painted with PlusOne™ RepelSilane ES (GE Healthcare) to assure gel release; while the shorter glass plate was painted with 4 ml PlusOne™ Bind-Silane (GE Healthcare) in 1 ml of acidic ethanol (0.5% acetic acid in 95% ethanol) to covalently attach the polyacrylamide gel to glass surface. SDS-PAGE was performed as second dimensional separation in 12.5% acrylamide gels in an Ettan™ DALT Six-Large Vertical System (GE Healthcare). The electrophoresis was performed at 15 mA per gel for 40 min, then 30 mA per gel until the bromophenol blue line reached the bottom of the gel at 10°C in the dark.
Imaging and analysis
Cy2-, Cy3-and Cy5-labelled samples were acquired in an Ettan DIGE Imager (GE Healthcare) according to the manufacturer's instructions. The images were checked for intensity during the acquisition process using ImageQuant™ TL software (GE Healthcare), and analysed by using DeCyder™ 2-D Differential Analysis Software v7.0 (GE Healthcare). After analysis, the gels were stained in 0.1% Coomassie Brilliant Blue-R250 solution in 50% ethanol and 10% acetic acid for 2.5 h, and destained in 25% ethanol and 8% acetic acid for 1.5 h. Then, they were washed with Milli-Q water and scanned on a UMAX PowerLook 2100XL scanner (UMAX Technologies). Protein spots at least 2-fold differences in expression level were automatically and accurately excised into 96-cell plates using Ettan Spot Picker (GE Healthcare). All parameters were set according to the manufacturer's protocol. (Met) . GPS Explorer™ software v3.6 (Applied Biosystems) was used to search files in the National Centre for Biotechnology non-redundant (NCBInr) all species database, fungus database and insect database. All the identified proteins have MASCOT report total protein score C.I.% or total ion C.I.% greater than 95% and identification probability score at p < 0.05.
Results and discussion
Proteins in fruiting bodies, sclerotia and mycelia of Cordyceps species Differential proteins in the fruiting body/sclerotia and fruiting body/mycelia from natural C. sinensis Natural worm without infection of fungus of Cordyceps is difficult to obtain for the proteomics investigation due to specific life cycle of C. sinensis and the habitat. Therefore, the fruiting body and sclerotia (dead larvae) from natural C. sinensis were used, and 2100 spots were detected in both the fruiting body and sclerotium (Figure 2 ). The number was much more than 18 spots in natural C. sinensis (Jin 2005) . Among the detected spots, 639 (30.4%) and 626 (29.8%) spots were up-regulated and downregulated, respectively, in fruiting bodies of natural C. sinensis (Threshold mode: 2.0-fold). Among the detected proteins, only 62 proteins in 70 spots (36.8%) out of 190 picked spots ( Figure 3) were successfully identified. The most likely reason for low ratio identification attributed to the limited genome or proteome database of C. sinensis, which is the greatest challenge for the study on proteome of C. sinensis. Indeed, no spot was identified except one protein, which was found in the fruiting body of natural C. sinensis rather than mycelia of Hirsutella sinensis, had high similarity to protein of hypothetical protein AN8043.2, putative fimbrial usher or UDP-Nacetylglucosamine pyrophosphorylase according to 10 amino acids sequence of its N-terminal (Jin 2005) . Our results confirmed that UDP-N-acetylglucosamine pyrophosphorylase compared to sclerotium was up-regulated in the fruiting body of C. sinensis. Besides, only serine protease among the identified proteins was reported in an entomopathogenic fungus CS2 from C. sinensis (Zhang et al. 2008) . The other proteins were firstly identified in C. sinensis. For the identified proteins, 6 proteins, such as serine protease, GAF domain protein, predicted similar to For gel image, pH, 5 to 8 linear from left to right; mass, ∼100 kDa to ∼10 kDa from top to bottom.
Actin-5C isoform 1, actin 6, beta actins, heat shock 70 kd protein cognate 1, were down-regulated, while 53 proteins, including acetaldehyde dehydrogenase, enolase, tubulins, eukaryotic initiation factor 4A, elongation factor 2, elongation factor 3, cobalaminindependent methionine synthase, fructose-bisphosphate aldolase, inorganic pyrophosphatase, UTP-glucose-1-phosphate uridylyltransferase, vacuolar ATP synthase catalytic subunit A, malate dehydrogenase, O-acetylhomoserine sulfhydrylase, mannose-1-phosphate guanyltransferase, septin, rab GDP-dissociation inhibitor, T-complex protein 1 subunit zeta, heat shock 70 kDa protein, putative Hsp70 chaperones, etc. were up-regulated in the fruiting body of C. sinensis (Table 1) .
Though Hirsutella sinensis is usually considered as the anamorph of C. sinensis (Chen et al. 2004; Li et al. 2006a; Zhong et al. 2010) , cultivation of its fruiting body is still very difficult. Alternatively, proteomic comparison of the fruiting body from natural C. sinensis and mycelia of H. sinensis was determined to explore the potential proteins related to the formation of the fruiting body. There were 1983 protein spots detected in both the fruiting body of natural C. sinensis and mycelia of H. sinensis, which was also much more than previous reports, 188 spots in mycelia of H. sinensis (Jin 2005) (Table 1 ). There was no spot was identified in previous report (Kao 2006) .
Differential proteins in late/early stages of the fruiting body and fruiting body/mycelia of C. militaris C. militaris is a major species of Cordyceps widely used in the market. The fruiting body of Paecilomyces militaris, anamorph of C. militaris, is easily formed in cultured media. It is great help to know the proteins expression during fruiting body formation based on the investigation of proteins in mycelia, early and late stages of the fruiting body of C. militaris. As a results, 2175 protein spots were detected in both early and late stage fruiting bodies of C. militaris, 295 (13.6%) and 234 (10.8%) out of the detected spots were up-regulated and down-regulated in the late stage fruiting body, respectively (Threshold mode: 2.0-fold) ( For gel image, pH, 5 to 8 linear from left to right; mass,~100 kDa to~10 kDa from top to bottom. Green number indicates the protein spot ID.
successfully identified (Table 1) . On the other hand, there were 2227 protein spots detected in both the fruiting body and mycelia of P. militaris, and 523 (23.5%) and 449 (20.2%) of detected spots were up-regulated and down-regulated, respectively, in the fruiting body of C. militaris (Threshold mode: 2.0-fold) ( Figure 2 ). Finally, 33 proteins in 40 protein spots (44.4%) out of 90 picked spots ( Figure 3 ) were successfully identified, which included 18 up-regulated and 22 down-regulated proteins in the late stage fruiting body of C. militaris (Table 1) .
Differential proteins between the fruiting body and mycelia of C. memorabilis C. memorabilis is one of the species of Cordyceps genus. The fungus, Isaria farinose, anamorph of C. memorabilis, could form the fruiting body under laboratory conditions. Therefore, comparison of proteins in the fruiting body and mycelia of I. farinose is also helpful to well understand the molecular mechanism of formation of natural C. sinensis. By DIGE analysis, 2275 protein spots were detected in both the fruiting body and mycelia of I. farinosa. (Table 1) . Totally, 115 differential expression proteins in 134 protein spots were found in both fruiting bodies and mycelia of three species of Cordyceps (C. sinensis, C. memorabilis, and C. militaris). It was worth to note that enolase/putative enolase up-regulated, while ATP synthase down-regulated coincidentally in all fruiting bodies of Cordyceps.
For natural C. sinensis, acetaldehyde dehydrogenase, beta-tubulin, elongation factor 2, enolase, malate dehydrogenase, heat shock 70 kDa protein and hypothetical protein FG09893.1 were simultaneously up-regulated in both fruiting bodies of C. sinensis versus sclerotia and fruiting bodies of C. sinensis versus mycelia of H. sinensis. These results suggested that the seven proteins played important roles during the fruiting body formation of natural C. sinensis. Besides, the enolase or putative enolase was up-regulated, while ATP synthase was down-regulated coincidentally in fruiting bodies of C. memorabilis and C. militaris than that in corresponding mycelia of I. farinosa and P. militaris, which showed that the enolase and ATP synthase were the most important proteins for fruiting body formation of Cordyceps. The beta-tubulin was also up-regulated in the fruiting bodies of C. militaris as well as in natural C. sinensis. Although malate dehydrogenase and acetaldehyde dehydrogenase were up-regulated in fruiting bodies of natural C. sinensis, they were down-regulated in the fruiting bodies of C. memorabilis.
Apart from the shared proteins, most of the differential expression proteins were non-shared proteins in the fruiting bodies of C. sinensis versus sclerotia, and fruiting bodies of C. sinensis versus mycelia of H. sinensis. The reasons may arise from different samples (natural sclerotia and cultured mycelia) and a small probability of picking the same spot in different gels under blind screening (the picked spot must possess simultaneously higher differential expression and intact threedimensional separation map).
Biological activities of proteins during fruiting body formation of C. sinensis
Fruiting body formation of filamentous fungi is one of the most complex developmental processes. It not only requires the aggregation of hyphae to form three-dimensional structures, and leads to the differentiation of a number of fruiting bodies-specific cell types not present in the vegetative mycelium (Nowrousian et al. 2007 ), but also requires precise integration of a number of fundamental biological processes under special environmental conditions and is controlled by many developmentally regulated genes (Pöggeler et al. 2006 ).
Camp signal pathway in fruiting body formation of C. sinensis Two cytoplasmic signalling branches, the cAMPdependent protein kinase (PKA) and mitogen-activated protein kinase (MAPK) pathway, regulate gene expression that finally leads to fruiting body formation. Indeed, MAPK genes are required for fruiting in Aspergillus nidulans, Neurospora crassa, and Lentinula edodes, where MAPK kinase (Demeke et al. 1997) , MEK kinase (MEKK) and MAPK involve in the A-E, the same as in Figure 2 .
pathway (Szeto et al. 2007 ). However, no proteins related to the MAPK pathway were identified in this study. Similarly, orthologous MAPK genes were not transcribed (CCM_04200 vs. AN1017) or transcribed at low levels (CCM_01235 vs. NCU02393) by C. militaris (Zheng et al. 2011) . The reasons may include: 1) Different higher fungi might depend on different signal pathways in fruiting body development; 2) Although the related MAPK proteins involved in fruiting body development of C. sinensis, they were not successfully identified for the limited Cordyces database.
In the two signalling cascades, either heterotrimeric G proteins or ras and ras-like proteins relay extracellular ligand-stimulated signals to the cytoplasm (Pöggeler et al. 2006) . Indeed, two main upstream signalling regulators of adenylyl cyclase, guanine nucleotide-binding protein (G proteins) beta subunit-like protein and GTP-binding protein Ran, increased in the fruiting body of C. sinensis (Table 2) . G proteins can interact with adenylyl cyclases and catalyse the formation of cAMP (D'Souza and Heitman, 2001; Kamerewerd et al. 2008) . GTP-binding protein Ran belongs to the superfamily of Ras proteins and is crucial regulator of adenylyl cyclase (Schlenstedt et al. 1997; Seewald et al. 2003) . Rab GDP-dissociation inhibitor (RabGDI) is a key regulator of Rab/Ypt GTPases that controls the distribution of active GTP and inactive GDPbound forms between membranes and cytosol (Rak et al. 2003) . Actually, RabGDI was up-regulated in the fruiting body of C. sinensis (Table 2 ). The same result has also been observed in the fruiting body of mushroom L. edodes (Sakamoto et al. 2009 ). In addition, GAF domain protein with 3ʹ, 5ʹ-cyclic-AMP phosphodiesterase activity, downstream signalling regulator of adenylyl cyclase, catalyses cAMP to AMP (De Oliveira et al. 2007 ) decreased in the fruiting body of C. sinensis. Finally, increased biosynthesis and decreased degradation of cAMP result in accumulation of cAMP in the fruiting body of C. sinensis. As a signalling factor, cAMP plays an important role in controlling fruit body formation (Kinoshita et al. 2002; Palmer and Horton 2006) . It is closely related to the onset of fruiting body development in L. edodes (Miyazaki et al. 2005) . The level of cAMP in dikaryotic mycelia of Schizophyllum commune reached peak before primodium formation, and then gradually increased until the final stage of fruit body formation (Kinoshita et al. 2002) . Light causes an increase of cAMP level in fungi Coprinus macrorhizus and S. commune, and induces their fruiting body formation (Kinoshita et al. 2002) . It has been confirmed that C. militaris fail to form the fruiting body without light. Moreover, cAMP also regulates the expression of a large number of genes required for fruiting body formation of Dictyostelium discoideum (Bishop et al. 2002) . Therefore, the cAMP signal pathway should involve in fruiting body development of C. sinensis.
Heat shock proteins responded to environmental stress
In fungal kingdom, fruit body formation usually could not happen until some severe stressors occur. In nature, these stressors are heat and cold, fire and flood, or nutrient deficiency (Holliday and Cleaver 2008) . A sudden change in temperature (heat shock or cold shock) or other adverse environmental conditions can stimulate living organisms to produce heat shock proteins (Hsps) for protection and cell repairmen activities. Some Hsps play important roles in all major growth-related processes including cell division, DNA synthesis, transcription, translation, protein folding and transportation, and membrane translocation (Chaffin et al. 1998) . Generally, heat shock proteins Hsp70, Hsp70 chaperone and Hsp 90 in the fruiting body of C. sinensis had higher expression, and a similar change was also found in the mature fruiting body of C. militaris (Table 2) . Except Cordyceps, in Podospora anserina, a gene encoding Hsp90 homolog involves in both sexual development and vegetative growth (Loubradou et al. 1997) . Under certain environmental stresses, dikaryotic mycelia aggregate to form primordium, which marks the beginning of fruit body development (Chum, et al. 2008) . Heat shock treatment accelerates the fruiting body formation and sporulation of Myxococcus xanthus because heat shock induces some proteins expression and perhaps involve in fruiting body formation and sporulation (Otani et al. 2001) , which well explained why some fungal cultures cannot produce fruit bodies without temperature downshift or light illumination (Yoon et al. 2002) . As far as we know, natural C. sinensis grows in Qinghai-Tibetan Plateau, where the temperature difference between day and night can reach about Myxococcus xanthus, Flammulina velutipes (Otani et al. 2001; Yoon et al. 2002) 8 Malate dehydrogenases A↑, B↑, C↓, E↓ Malate dehydrogenase is related to the sporulating during fruiting body development in Pleurotus ostreatus.
Pleurotus ostreatus (Chakraborty et al. 2003) 9
Tubulins A↑, B↑, C↓, D↑ Tubulins T1 and T2 are strongly increased during fruiting body formation of fungus Physarum polycephalum.
Physarum polycephalum (Putzer et al. 1984; Poetsch et al. 1989) 10 Actins A↑↓, B↑, C↑↓ An actin is decreased during fruiting body formation of fungus Physarum polycephalum.
Physarum polycephalum (Putzer et al. 1984; Poetsch et al. 1989) 11 Predicted similar to actin-5C isoform 1, beta actins, actin 6 A↓ 12 ATP synthases A↑, B↓, C↑, D↓, E↓ ATP synthase is induced by heat shock in Myxococcus xanthus, and is induced during fruit body development and maturation of Agaricus bisporus.
Agaricus bisporus (De Groot et al. 1997; Otani et al. 2001) 13 Elongation factors 2 A↑, B↑ Transcript of elongation factor 2 highly expresses in the fruiting body cDNA library of medicinal fungus Ganoderma lucidum; the elongation factor 1A controls the fruiting body formation of Podospora anserina, interacts with actin and tubulin, activates degradation of some proteins, and is probably involved in signal transduction and cell cycle regulation; the gene of elongation factor 1 is one of developmentally specific genes in the primordium of Lentinula edodes.
Ganoderma lucidum, Podospora anserina, Lentinula edodes (Silar et al. 2001; Miyazaki et al. 2005; Luo et al. 2010) 14 Elongation factor 3 A↑ 15 Putative translation elongation factor EF-Tu E↑ 16 Mannose-1-phosphate guanyltransferase A↑, B↓ The overexpressed mannose-1-phosphate guanyltransferase promotes increase of GDP-mannose in fungus Trichoderma reesei, and GDP-mannose might play a major regulatory role in protein glycosylation.
Trichoderma reesei (Zakrzewska et al. 2003) 17 Cobalamin-independent methionine synthase A↑, C↑↓ The cobalamin-independent methionine synthase only be oberserved in conidia rather than in the mycelium of entomopathogenic fungus Metarhizium acridum.
Metarhizium acridum (Barros et al. 2010) 18 Septin A↑, C↑ The septin is strongly induced during fruit body development and maturation of Agaricus bisporus.
Agaricus bisporus (De Groot et al. 1997) 19 Spermidine synthase C↑, E↑ Development of spermidine synthase (spsA) null cells grown in the absence of spermidine produced fruiting bodies of Dictyostelium discoideum that have abnormally short stalks.
Dictyostelium discoideum (Guo et al. 1999) 20 Guanine nucleotide-binding protein (G protein) subunit beta-like protein B↑, C↑↓ G proteins are essential for growth, asexual and sexual development, and virulence in both animal and plant pathogenic filamentous species. In fungi, G proteins play integral roles for cell growth/division, mating, cell-cell fusion, morphogenesis, chemotaxis, virulence establishment, pathogenic development and secondary metabolite production.
Aspergillus nidulans (Yu 2006; Li et al. 2007) 21 GTP-binding nuclear protein Ran, putative B↑ GTP-binding protein Ran belongs to the superfamily of Ras proteins and is crucial regulator of adenylyl cyclase.
Saccharomyces cerevisiae (Schlenstedt et al. 1997; Seewald et al. 2003) 22 Glyceraldehyde-3-phosphate dehydrogenase D↓, E↑↓ The glyceraldehyde-3-phosphate dehydrogenase gene GAPDH was expressed in both mycelia and fruiting bodies, suggesting that the GAPDH gene product is a heat shock protein which might be involved in the developmental phase of the Lentinus polychrous.
Lentinus polychrous (Thanonkeo et al. 2010) (Continued ) Lentinula edodes (Rak et al. 2003; Sakamoto et al. 2009) 24 Serine proteases A↓, B↑ The serine proteases play an important roles in the pathogenic fungus during the penetration and colonisation of their hosts.
Cordyceps sinensis (Li et al. 2006b; Zhang et al. 2008) 25 Formate dehydrogenase B↓, E↑ 26 UTP-glucose-1-phosphate uridylyltransferase A↑ The UTP-glucose-1-phosphate uridylyltransferase is a developmentally regulated enzyme which involves in trehalose, cellulose, and glycogen synthesis in fungus Dictyostelium discoideum.
Dictyostelium discoideum (Fishel et al. 1982; Bishop et al. 2002) 27 Mannitol-1-phosphate 5-dehydrogenase B↑ The mannitol-1-phosphate 5-dehydrogenase is proposed as the major enzyme for mannitol biosynthesis, and the increase of mannitol is related to the fruiting body initiation and development of Agaricus bisporus.
Agaricus bisporus (Kulkarni, 1990; Vélëz et al. 2007) 28 Chorismate mutase B↓ The mutant strains of Aspergillus nidulans which have been knocked out the chorismate mutase gene aroC, decreases the capacity for fruit body formation and ascosporogenesis.
Aspergillus nidulans (Krappmann, and Braus, 2003) 29 O-acetylhomoserine sulfhydrylase (homocysteine synthase)
A↑
The homocysteine synthase plays an important role in the cysteine synthesis in Tuber borchii and may involve in the formation of fruiting body.
Tuber borchii (Zeppa et al. 2010) 30 UDP-N-acetylglucosamine pyrophosphorylase A↑ The UDP-N-acetylglucosamine pyrophosphorylase is a major regulatory enzyme in amino sugar synthesis during cyst wall (encystment) formation of Giardia.
Giardia (Bulik et al. 2000) 31 20ºC during fruiting body formation and development season. Therefore, it is reasonable to speculate that heat shock proteins (Hsps) highly express during fruiting body formation and development. On the other hand, Hsps are also immunodominant antigens and major targets of host immune response during different types of infection (Chaffin et al. 1998) , which is helpful to better understand why some Hsps show higher expression in sclerotium. It could be presumed that the host larva produces Hsps when it is infected by hyphal or spore of fungus.
Proteins involved in carbohydrate metabolism
Carbohydrate catabolism not only provides energy for hyphal growth but also supplies carbon skeleton to other metabolisms (Deveau et al. 2008) , which is significantly changed during fruiting body initiation and development of primordia into the mature fruiting body (Kulkarni, 1990) .
Proteins involved in the glycolytic pathway and tricarboxylic acid cycle (TCA)
The fructose-bisphosphate aldolase, enolase and pyruvate kinase of the glycolytic pathway, as well as malate dehydrogenase of tricarboxylic acid cycle (TCA), were shown higher expression in the fruiting body of C. sinensis (Table 1) . It was very intriguing that putative enolase was also up-regulated in fruiting bodies of C. memorabilis and C. militaris, and enhanced in the mature fruiting body of C. militaris (Table 2 ). These results suggest that enolase may play an important role during fruiting body formation and development of Cordyceps. It is consistent with that glycolysis and TCA cycles are the major pathways of glycometabolism in sporulating stage of fruiting body development in Pleurotus ostreatus (Chakraborty et al. 2003) . In contrast to C. sinensis, malate dehydrogenase showed lower expression in the fruiting body of C. memorabilis and mature one of C. militaris, which may attribute to the different formation mechanisms of individual fungus because the fruiting body of both C. memorabilis and C. militaris could be produced under the same culture conditions, but C. sinensis failed to develop its fruiting body.
Proteins involved in the glyoxylate pathway
Pyruvate kinase (PK) and aldehyde dehydrogenase are putative indole receptor proteins involved in multicellular development which are essential for fruiting body formation in Stigmatella aurantiaca (Stamm et al. 2005) . Acetaldehyde dehydrogenase of the glyoxylate pathway, which can be induced by heat shock in M. Xanthus (Otani et al. 2001) , is related to fruiting body formation of mushroom Flammulina velutipes (Yoon et al. 2002) . These enzymes increased in the fruiting body of C. sinensis and the mature fruiting body of C. militaris (Table 2) suggested these enzymes might involve in fruiting body development.
Proteins involved in the mannitol pathway
Mannitol-1-phosphate 5-dehydrogenase is proposed as main enzyme for mannitol biosynthesis (Vélëz et al. 2007) , and the enzyme abundance in the fruiting body of C. sinensis was near 13-fold higher than that in mycelia ( Table 1) . As a result, it may increase the content of mannitol in natural C. sinensis Guan et al. 2010 ). Increased mannitol is related to fruiting body initiation and development of A. bisporus (Kulkarni, 1990) , and the mannitol content in the fruiting body of A. bisporus is about 8-20 times higher than that in mycelia (Hammond and Nichols 1976; Wannet et al. 2000) .
Proteins involved in the trehalose pathway
The trehalose pathway is clearly shown by enhanced expression of UTP-glucose-1-phosphate uridylyltransferase (Uridine diphosphoglucose pyrophosphorylase) in the fruiting body, which is a developmental regulation enzyme involving in trehalose, cellulose and glycogen synthesis in fungus D. discoideum (Fishel et al. 1982; Bishop et al. 2002) . It is essential for fungus to complete its life cycle, and it increases 3-fold at the stage of fruiting body formation than that in vegetative growth and early stage of differentiation (Fishel et al. 1982) . The UTP-glucose-1-phosphate uridylyltransferase in the fruiting body of C. sinensis was about 9-fold higher than that in sclerotium (Table 1) , which may contribute to the higher trehalose content in the fruiting body of C. sinensis ).
Immunoglobulin heavy chain-binding protein homolog was overexpressed in the fruiting body of C. sinensis rather than in mycelium (Table 1) . Homolog gene of immunoglobulin heavy chainbinding protein (78 kDa glucose-regulated protein) is differentially expressed in primordium of mushroom L. edodes, which can be inferred that glucose-regulated protein involved in fruit body development under certain environmental stresses (Chum, et al. 2008) .
Proteins involved in the mannose pathway
The content of mannose-1-phosphate guanyltransferase in the fruiting body of C. sinensis was higher than that in sclerotium, but lower than that in mycelium (Table 1) . The overexpressed mannose-1-phosphate guanyltransferase promotes increase of GDP-mannose in fungus Trichoderma reesei. GDP-mannose was effectively utilised by mannnosyltransferases and resulted in hypermannosylation of secreted proteins in both N and O glycosylation, which indicated that GDP-mannose might play a major regulatory role in protein glycosylation in T. reesei (Zakrzewska et al. 2003) .
Proteins involved in energy metabolism
Fruiting body developmental programme needs more energy than simple vegetative growth (Busch and Braus 2007) . ATP synthase, which can be induced by heat shock (Otani et al. 2001) , is high expressed in fruiting body development and maturation of A. bisporus (De Groot et al. 1997) . Obviously, it is noticed that vacuolar ATP synthase catalytic subunit A and inorganic pyrophosphorylase were higher in the fruiting body than those in sclerotium of C. sinensis. Especially, inorganic pyrophosphorylase, which can catalyse degradation of pyrophosphate and release energy, in the fruiting body of C. sinensis was about 6-fold higher than that in sclerotium (Table 1) .
Proteins involved in protein synthesis and degradation
Elongation factors, eEF1A, eEF2 and eEF3, serve an essential function in translation cycle of protein synthesis in fungi. The transcript of eEF2 is also highly expressed in fruiting body cDNA library of medicinal fungus Ganoderma lucidum (Luo et al. 2010) . In addition, the gene of elongation factor 1 is one of developmentally specific genes in primordium of L. edodes (Miyazaki et al. 2005) , and eEF1A controls fruiting body formation of P. anserina, interacts with actin and tubulin to activate some proteins degradation and is probably involved in signal transduction and cell cycle regulation (Silar et al. 2001) . Some factors of protein synthesis, including eukaryotic initiation factor 4A (eIF4A), elongation factors eEF2 and eEF3, and ribosomal L18ae protein family, were expressed at higher levels in the fruiting body of C. sinensis than that in sclerotium and mycelium. Similarly, the abundance of translation elongation factor EF-Tu in the fruiting body of C. memorabilis was higher than that in mycelium (Tables 1 and 2 ). Protein synthesis activity is very active during fruiting body formation of C. sinensis, which is consistent with a higher protein level (30.4%) in the fruiting body of natural C. sinensis than that (14.8%) in fermented mycelium (Hsu et al. 2002) .
Besides proteases play an important role in turnover of nitrogenous compounds (e.g. protein and amino acids) during fruiting body formation (Terashita et al. 1998) , proteolytic enzymes such as serine proteases, proteasome component PUP3, and probable proteasome subunit alpha were also highly expressed in the fruiting body rather than in mycelium and sclerotium of C. sinensis (Table 1) . Similarly, although serine protease is active in all stages of fruiting body development in Coprinopsis cinerea, its expression is the most abundant during young tissue development (Heneghan et al. 2009 ). High abundance of serine protease in the fruiting body may decompose useless proteins for fruiting body development. But, serine protease in sclerotium may be beneficial for fungus to infect its host through digesting protein component of insect cuticles (Li et al. 2006b; Zhang et al. 2008) . Two cuticle-degrading serine proteases from mycelium of fungus C. sinensis strain CS2 has been obtained (Zhang et al. 2008) . These results show that the process of protein turnover is more active during fruiting body formation. medicinal fungus Antrodia cinnamomea (Chu et al. 2009) .
In this study, septin, mago nashi protein and cell division control protein 3 distinctly increased in the fruiting body of C. sinensis, besides higher septin was in the mature fruiting body of C. militaris (Table 1) . These indicate that cell division contributes to the fruiting body formation.
In summary, this study identified 198 differential expression proteins that may relate to fruiting body development of Cordyceps, and 24 proteins have been proven their roles in fruiting body development in other fungi (Table 2 ). Among the identified proteins, acetaldehyde dehydrogenase, beta-tubulin, elongation factor 2, enolase, malate dehydrogenase, heat shock 70 kDa protein are the key proteins for fruiting body formation and development of C. sinensis. Especially, enolase and malate dehydrogenase were first proposed in fruiting body development of mushroom. Besides, the cAMP signal pathway as well as glycometabolism, protein metabolism, energy metabolism, cell division and cell reconstruction are presumed to be related to fruiting body development of C. sinensis (Figure 4) . A map of metabolic pathways involved in fruiting body development of C. sinensis was also hypothesised ( Figure 5 ). It has become evident that fruiting body formation of C. sinensis is a highly complex differentiation process and requires precise integration of a number of fundamental biological processes. Although the fruiting body formation mechanisms for all these activities remain to be further elucidated, the study presented here provides a framework for understanding them. Up-regulated proteins shown in red, down-regulated proteins shown in green, and uncertained regulated proteins shown in brown.
